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ABS TRAC T 
* 

I 

A m a s s  spec t rometer  is being developed in  which pulsed fields give 

all ions the s a m e  momentum. 

dependent. 

distribution of the ions reaching the collector.  

type of spec t rometer  a r e  compactness,  simplicity, light weight, absence 

of magnets,  and ability to operate a t  comparatively high p r e s s u r e s .  

charac te r i s t ics  make  the apparatus suitable fo r  analyzing the ion composition 

of the lower regions of the ionosphere. 

find operating conditions insensitive to  initial ion energies  a r e  discus sed. 

The f inal  ion energy is therefore  m a s s  

A m a s s  spec t rum can be obtained by analyzing the energy 

The advantages of this 

These 

P re l imina ry  resu l t s  of a t tempts  to 
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I.  INTRODUCTION 

Basic  Operating Principle  

The constant momentum m a s s  analyzer was originally pro-  

2 posed by J . A .  Hipple . A la ter  paper by F iks  proposed the 

s a m e  device,  but neither author reported any experimental  work 

on the analyzer .  

tum m a s s  analyzer was described by Brache r .  

The f i r s t  successfully operating constant momen- 

3 

The basic  operating principle of the constant momentum mass  

analyzer  is shown in Figure 1. Ions a r e  admitted into the region be-  

tween electrodes (1) and (2 )  which a r e  separated by a distance d,  and 

then pulses of amplitude V and duration A t  a r e  applied to electrode 

(1). The t ime A t is chosen such that the ions to be analyzed do not 

have t ime to leave the region between the electrodes before the 

pulse is over .  Under, these conditions, a l l  the ions,  assuming them 

to be singly charged, gain the s a m e  momentum 

P = e  Ed t 
'At C 

e V A t  

d 
- - 

and thus the final ion energy will be 

2 
C 

P 
E =- 

2m 
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s o  that 

where E is measured in  electron volts, m in a . m . u . ,  V in  volts,  

A t in  p s e c s .  and d in cm,  and k is a constant equal to 0 . 4 8 3 .  

The energy gain is therefore m a s s  dependent and can be analyzed 

by sweeping a retarding field placed in f ront  of an ion col lector .  

The advantages of such an analyzer include simplicity of 

operation and compactness.  

-3  well above 10 T o r r ,  since the dimensions of the spec t rometer  

can be made l e s s  than the mean f r e e  path of the ions at  such p r e s -  

s u r e s .  

analysis in  the region of the ionosphere between 80  and 250 k m  

where  the p r e s s u r e  var ies  f r o m  10 T o r r  to T o r r .  

The analyzer can operate a t  p r e s s u r e s  

The instrument  is therefore well-suited for  positive ion 

-3  

. 
Amplification of the Initial Energy Distribution 

A disadvantage of this type of analyzer is the limitation of re -  

solving power by the initial energy distribution of the ions.  

distribution is fur ther  amplified in the pulsing region. 

obtain a quantitative estimate of this amplification, a s sume  that the 

source  ions have an initial energy distribution E. about ze ro .  

ions a r e  a l l  accelerated impulsively; hence, the final ion energy 

This 

In o rde r  to 

The 
1 

will  be according to equation ( 3 )  

k Cz - E, - - 
m 

(4) 
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with c=-d--- V A t  

and a distribution A E about E given by 
f C 

1 

2m 
AEf  =- [ ( 6 C  t ~ ~ ) ~ - 2 k C ~ ]  

where p. = . Thus AEf  is found to bc 
1 

A E f  = Ei f 27/E c 1  E. ( 6 )  

Since A E f  - E. 

m a s s  analyzer.  

is l a r g e r  than zero ,  Ei is amplified in Hipple's 1 

Resolving Power 

Two definitions of resolving power a r e  current ly  in use .  The 

resolving power a t  a m a s s  M is defined to be 

M 
(definition 1) 

where A M  is the width of the m a s s  peak in m a s s  units.  

solving power may a l so  be defined a s  that m a s s  a t  which an ad ja-  

cent peak can jus t  be resolved. 

of definition 1 

1 a . m . u . ;  then R i s  equal to tLe numerical  value of the m a s s  R i  

The r e -  

This definition is  a special  c a s e  

and is obtained by requiring A M  to be equal to 

0 0 

R = I M A .  (definition 2 )  
0 
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. 

Consider  a beam of ions having m a s s  M and M t A M and 

no  ini t ia l  energy  distribution, i .  e ,  E .  = 0 .  After the ions 

have been acce lera ted  impulsively, the magnitude of the dif-  

A M  f e rence  in the final ion energy wil l  b e ,  t o  f i r s t  o r d e r  i n  - 
M 

f r o m  equation (4), 

1 

A E_ (M) = E -  (M) ____ A M  ( 7 )  c 

k C 2  where  E (M) = - 
C M *  

If the ins t rument  can  

M c 

detect  an energy A Emin , then with 

A M = 1 a . m . u .  there  will be a m a s s  M such that 
0 

V A t  substituting equation (4) into equation ( 8 )  and letting C = -, 
d 

one obtains 

where  E (1) is the impulsive energy  gained by a proton. 
C 

Consider  now a beam of ions of m a s s  M with an initial 

energy  s c a t t e r  E e 

a t  m a s s  M wil l  be according to  definition (1) and using equation (7 )  

The resolving power of the m a s s  ana lyzer  i 

Ec (M)  

A Etot (M) 
9 (10) - 

RM - 

(M) = A E min t 2 A Ef(M) .  where  A E A Ef(M) has  to be tot 

doubled if  one a s s u m e s  that the ions have a symmet r i c  velocity 

distribution along the axis of the ana lyzer .  Thus,  combining 
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equations ( 6 ) ,  (7)  and (10) 

A E  -f- 2 E .  t 4 VE. E (M) min 1 1 c  

A s  E (M)  is made la rge  
C 

c - 
‘M - I 

Final ly ,  R o  is found f r o m  equation (12) to  be 

The dependence of Ro on V 2 / 3  i s  not quite i n  ag reemen t  with 

B r a c h e r ’ s  presumably experimental  r e su l t  that  3 

It is experimentally convenient to define the resolving power 

R M  of the spec t rometer  a s  

where  the subscr ipt  0 . 5  indicates that  the m e a s u r e m e n t  is made 

a t  the half-height of the m a s s  peak.  

show that the constant momentum m a s s - a n a l y z e r  is ve ry  sensi t ive 

Equations (12), (13) and ( 6 )  
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I 
I =  

to the initial ion energy distribution. 

such an analyzer ,  therefore,  demands some energy focusing 

e i ther  in the pulsing region o r  in the source .  

Successful operation of 

A Mode of Operation Insensitive to the Initial Ion Energy Scat ter  

Consider an ion bunch entering the pulsing region with anini t ia l  

energy Ei and a distribution A E. about this energy. 

ions a r e  decelerated impulsively, the final ion energy will be 

If now the 
1 

1 

2 m  
- Pi - 6 c  l 2  Ef - 

with a perturbation of A E about E given by f f 

where pa =Gi is the initial momentum given to the ions 

and A p. is the differential sca t te r  about p . .  A p. = - 
1 

1 
1 1 1 2  

A Ei .  

Thus 

Expanding the equation (17), one obtains 
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. Neglecting the l a s t  t e r m ,  one obtains 
k C2 
m where  Ec = 

c The fac tor  1 dT will  be l e s s  than unity, and approaches z e r o  

a s  Ec approaches Ei. 

of a n  ion collector would thus s top those ions f o r  which Ec  (M) is 

equal to the initial energy E . .  A mass spec t rum can  be obtained 

by sweeping this impulsive retarding field and then differentiating 

An impulsive retarding field placed in f ron t  

1 

the collector cu r ren t  with respec t  to the ion energy .  This mode of 

operation would retain all the advantages of the m a s s  ana lyzer  

proposed by Hipple and would fur ther  be insensi t ive to the ini t ia l  

ion energy distribution. 

11. THE EXPERIMENTAL ANALYSES 

Sequence of Experiments  

Three  modes of operation of the constant  momentum mass ana -  

l yze r  w e r e  studied experimental ly .  In the f i rs t  two the ions a r e  a c -  

ce le ra ted ,  whereas  in the third mode of operat ion the ions a r e  dece -  

le ra ted .  

ana lyzer  only. 

m e a s u r e  of ion energy focusing in the second mode of operat ion.  

The f i r s t  mode of operation incorpora tes  the bas i c  mass 

An ion bunching field has  been  added to  provide a 
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Finally,  the third mode of operation tes ts  the implications of 

equation (19). 

P rel iminarv Studies 
~ 

The experimental  apparatus involved in these investigations 

consisted of a f r ame  into which could be mounted ion sources ,  

col lectors ,  and gr ids .  This f r a m e ,  entirely analogous to the 

f ami l i a r  optical bench, has been descr ibed in detail  in an a r t ic le  

published in the American Journal of Physics .  Using procedures  

outlined in  that paper  a Kt ion surface ionization source  was con- 

s t ruc ted .  A tungsten button 

0 . 3  c m .  in diameter  was spot welded onto the fi lament to provide 

an  equipotential surface f rom which the ions were  emit ted.  

gr id  close to the surface created the necessary  field gradient a t  

the emitting sur face .  The fi lament of the ion source  was heated 

with a n  alternating cur ren t .  

f i lament and into a d. c .  power supply kept the emitting region 

of the fi lament a t  a definite t ime-invariant potential relative to 

the col lector .  

affecting the measured  energy distribution of the ions in the 

beam.  F igure  ( 3 )  shows the essent ia l  details  of the testing 

procedure.  K ions having an initial energy E. a r e  incident 

on the analyzing electrode (1) to which is applied a r amp  

function voltage as shown below that gr id .  

is a l s o  applied to  the X axis of the X - Y reco rde r .  

4 

This source  is shown in F igure  2H. 

A 

A potentiometer connected a c r o s s  the 

Initial tes ts  attempted to identify those pa rame te r s  

f 
1 

The same  voltage 

The col-  
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l ec to r  is the electrode (2) .  

f l a t  piece of s ta in less  s tee l .  The output of the p icoammeter  was 

then recorded on the Y axis  of the X-Y r eco rde r  a s  a function of 

the analyzing voltage. 

distribution was ve ry  sensit ive to voltage fluctuations a t  the emi t -  

ting sur face ,  the distribution of a sample  ma te r i a l  on the 

ting sur face ,  and the procedure f o r  ion energy ana lys i s .  Voltage 

fluctuations a t  the emitting sur face  could be applied by changing 

the potentiometer a c r o s s  the f i lament ,  i . e .  moving the point of 

definite time-invariant potential away f r o m  the button. 

tuations increased  the energy distribution towards the higher 

energ ies .  

ion source  increases  monotonically with the field gradient  a c r o s s  

the sur face ,  the observed change in the ion energy  distribution is 

according to theory.  

s o  that a minimum energy distribution about the init ial  energy  

was obtained. 

button a l s o  affected the ion energy dis t r ibut ion.  

coverage increased the distribution towards lower  ene rg ie s .  

This observation can be explained by assuming that a number of 

ions a r e  emitted f r o m  the sur face  of the fused sample  m a t e r i a l  

which would be a t  a lower potential than the tungsten s u r f a c e .  

In o r d e r  to eliminate this difficulty,  a loading procedure  was  

This e lectrode init ially was ju s t  a 

It was found that the measured  ion energy  

e m i t -  

The fluc - 

Since the emiss ion  efficiency of a sur face  ionization 

The potentiometer was  routinely adjusted 

The distribution of sample  m a t e r i a l  on the tungsten 

Excessive sample  
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. 
c 

developed which yielded reproducible energy distributions under 

identical  conditions f r o m  sample to sample.  

was heated to cir.180° C with infra-red lamps;  then a drop  of a 

solution containing the sample mater ia l  KNO was placed on the 

button. 

on the button. 

The tungsten button 

3 

The water  was flashed off leaving a fine dust of KN03 

The procedure fo r  the analysis of the ion energies  affected 

the measured  energy distribution significantly, increasing the 

distribution towards the lower energies .  

were  made using apparatus outlined in  F igure  3. 

these tes ts  are shown in Figure 4 which is a graph of the relative 

change in  the collected ion cu r ren t  as a function of the distance d 

fo r  s eve ra l  values of the analyzing voltage. 

that  the analyzing electrode defocuses the ion beam. 

pretation is made  plausible by considering the momentum of an  

ion in  the beam. Since the ions a r e  emitted into a solid angle 

f r o m  the source ,  some of them will  have components of momentum 

t r ansve r se  to the beam. 

analyzing field, and therefore,  the ions will  follow a curved tra- 

jec tory  which dec reases  the radial  cu r ren t  density. 

is this density with r the radial  distance f r o m  the axis of the 

beam,  - 1 the distance f r o m  the collector,  and Vathe analyzing 

voltage, then 

Constant-energy tes ts  

The resul ts  of 

F igure  4 indicates 

This i n t e r -  

This component is not affected by the 

If J ( r ,  l,va) 
-- 
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1 -  
~ 

I 
I .  

t where r 

is the col lector  cu r ren t  with no retarding field, and r 

radius of the collector.  6 I 

collector c u r r e n t  as a function of the pa rame te r s :  d,Va, ro, rc. 

The effect of the second integral  has been studied, and it was found 

is the ape r tu re  radius of the analyzing electrode,  I (0) 

is the 

0 

C 

t is the relative change in the 

that this integral  is much l a rge r  than the first. 

lector  was constructed of alternate layers  of s ta inless  s tee l  plate 

and mica  bonded together with a res in  having a low vapour p r e s s u r e .  

F igure  2B shows the completed assembly .  

An annular  col-  

5 

Each ring was succes -  

s ively connected to a picoammeter  to measu re  the ion c u r r e n t  

incident on that ring a s  a function of the analyzing voltage. The 

ion c u r r e n t  incident on the i ' th  ring divided by the a r e a  of that 

ring yielded an  average  cu r ren t  density 7 ( r  

the mean radius of the i ' t h  ring. 

0 , V  ) where r. is i' a 1 

This quantity was  then graphed 

as a function of r for  different values of the pa rame te r  V. Some 

resul ts  a r e  shown in Figure 5. 

In o r d e r  to determine an upper limit to the magnitude of the 
r-2 Q) 

J ( r ,  d,V ) r d r ,  a collector was constructed which a 
0 -1 r t e r m  

collected all ions t ravers ing the analyzing electrode.  Such a 

col lector  is shown in Figure 2 D. A f r ame  of mica  was  bonded 

onto the shield and a suppressor  gr id  was attached to the mica .  
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' "  
Tests  using this collector geometry yielded resu l t s  shown in 

F igure  6 which is the derivative of a plot of the picoammeter 

output as a function of the analyzing voltage. The total width 

of the energy distribution of the ions i n  the b e a m  is about 

3 eV and is near ly  independent of the accelerat ing voltage. 

distribution includes the apparent distribution caused by the de-  

focusing effect of the ions in f ront  of the analyzer  and the real 

energy distribution of the ions. 

affected by space charge effects which appeared when the ion 

cu r ren t  was l a r g e r  than 10 

was easi ly  detectable f r o m  the increase  of the ion cu r ren t  j u s t  

before the accelerating voltage was reached by  the analyzing 

field. Space charge effects vanished below 5 x amps .  

This 

The ion ene rgy  spread  was a l s o  

-8  amps .  The effect of space charge 

The three modes of operation descr ibed previously will  now 

be discussed f r o m  the experimental view-point and resul ts  eval-  

uated. 

The First Mode of Operation 

Having determined the most  suitable analyzer-collector geo- 

me t ry ,  work using pulsed fields could proceed. 

the mos t  uniform analyzing f ie ld  with adequate t ransmission,  

double gr ids  of photo-etched nickel were  used. 

a l so  the simplest, is shown in  F igure  7.  

In order  to insure  

The first mode, 

The ions a r e  reflected 
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in  a p l m e  A inside the pulsing region by a small d c 

tage applied to the electrodes (1) and ( 2 ) .  

is applied to the electrode (I)  and the final ion energies  a r e  

analyzed with a sawtooth retarding field. 

a m m e t e r  cdn be displayed as a function of the retarding voltage 

with an  X-Y r eco rde r .  

by differentiating the output of the X - Y  r eco rde r .  

energy var ies  as  m 

of m . The impulsive energy gained by the K ions was  typically 

about 25 eV, and the effective resolving power with an analyzing 

sys t em about 1.25 c m .  long was  found to be 

bias V C ~ -  

A l a rge  positive pulse 

The output of the pico- 

The ma5s spec t rum chn then b e  obtained 

Since the ion 

-1 , the mass scale  obtained will  be  i n  units 

-1 f 

where the subscr ipt  0 . 5  indicates that R 

height of the Ki- peak. 

mateiy what theory predicts  fo r  such a sys t em.  

was  meacsured at h d f -  K 4- 

This somewhat. modes t  resolution 1s approx i -  

The Second Mode of Operatior; 

It somewhat difficult to cc,ntrQ; the ion b e a m  with d .  c 

voltages alone. In o r d e r ,  therefore ,  to control  the ion b e a m  m o r e  

efficiently,  d gate pulse was  applied to  the g r id  in f ron t  d the pul-3- 

ing regiong and the d c 

bias  

bias voltages w e r e  adjusted such that t he  
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ions would re f lec t  j u s t  in f ront  of this gr id .  

mode of operation a r e  shown in Figure 8.  The sma l l  negative 

pulse applied to gr id  (1) admits a cloud of ions into the pulsing 

region. 

(2 ) .  

the main pulsing unit insures  that the ions a r e  all inside the pulsing 

region before they a r e  accelerated.  

energies  a r e  analyzed with a sawtooth retarding voltage. 

energy tes ts  were  made to determine the effect of the gate pulse 

upon the ion energies .  

which, like F igure  6 ,  shows the derivative of the collector cu r ren t  

with respect  to the ion energy a s  a function of the analyzing vol- 

tage.  

is approximately 1.05 eV. 

pendent upon the heights and duration of the gate pulse and the po- 

si t ion of the reflecting plane A .  The dependence of the ion energy 

distribution upon these parameters  is to be expected, since the 

gate pulse actually controls the ion energy distribution of the ions 

entering the pulsing region, admitting only the more  energetic ions 

f r o m  the source .  

can  decrease  the ion energy distribution a t  the cos t  of decreasing 

the sensit ivity of the m a s s  analyzer.  Tes ts  with pulsed fields were  

subsequently made with the gate pa rame te r s  optimized, and the r e -  

sul ts  a r e  shown in Figure 10. The 41Kt and 39Kt peaks have jus t  

The details  of this 

The gate pulse t r iggers  the main pulse applied to gr id  

A variable delay line between the gating pulse generator  and 

As in the first mode, the ion 

Constant- 

Typical resul ts  a r e  shown in  F igure  9,  

The total width of the ion energy distribution a t  half height 

This distribution was found to be de-  

The constant-energy t e s t  thus showed that one 
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been resolved in this plot of the derivative of the collector 

cu r ren t  with respect  to the ion energy .  The peak rat io  41Kt to 

39Kt is about 0 .08  which is the natural  ra t io  of abundances f o r  

potassium. 

mode of operation is thus found to  be about 20 .  

arguments  against  the 2nd mode of operation. 

fea tures  of the constant momentum mass analyzer  a r e  i ts  high 

sensit ivity and simplicity of operation. 

The resolving power of the m a s s  analyzer in this 

There a r e  two 

The at t ract ive 

The gate that was used to 

resolve the potassium peak traded a favorable energy distribution 

against  sensit ivity.  Fu r the r ,  the gate pa rame te r s  were  found to 

be  ve ry  sensit ive to the ion source condition and thus difficult to  

optimize fo r  ions over a wide m a s s  range. 

therefore  

This operating mode, 

is both insensitive and imprec i se  

The Third Mode of Operation 

The third mode of operation investigated is based on equation 

(19). This mode should be mGst effective,  since i t  was shown to be 

insensit ive to the init ial  ion energy distribution. The essent ia l  de -  

tails of this m a s s  analyzer  a r e  shown in F igure  11. 

source  a t  a voltage V. a r e  gated into the pulsing region between 

gr ids  (1) and ( 2 )  with grid ( a ) .  These ions have a definite init ial  

energy E. .  

s ive energy f r o m  the initial energy of the ion; the ions a r e  collec- 

ted in a Fa raday  cage.  

t Ions f r o m  the K 

1 

A positive pulse applied a t  gr id  ( 2 )  subtracts  an impul-  
1 

The ion energies  a r e  analyzed by sweeping 
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the pulse duration of the main pulse keeping the initial ion energy 

constant. 

respec t  to the ion energy yields the m a s s  spec t rum.  

vantage of this analyzer  lies in the fact  that a separa te  ion energy 

analyzing field is not needed. 

i n  this mode of operation required some modifications of the e lec-  

tronic apparatus .  

The derivative of the output of the picoammeter with 

One ad-  

The complex ion energy analysis 

In o rde r  to  sweep the time duration of the pulse,  a t ime varying 

voltage was applied to  the grid c i rcu i t  of the multivibrator control-  

ing the pulse duration. The t ime-varying bias  voltage can be ob- 

tained e i ther  mechanically by varying the r e s i s t o r  R in  F igure  12 

o r  e lectr ical ly  by  disconnecting the c i rcu i t  a t  the point m a r k e d 2  

and then appkying an external t ime -varying voltage. 

method has the advantage that one can adjust  the voltage v ( t )  

such that one obtains a convenient m a s s  sca le .  

vent loss  of ions due to the defocusing action of the impulsive 

field,  a col lector  which surrounded the pulsing region was con- 

s t ruc ted .  

voltage divider c i rcu i t  insured that the impulsive field was spa-  

tially l inear .  

The l a t t e r  

In o rde r  to p r e -  

A s e r i e s  of 3 evenly spaced gr ids  connected to a pu lse-  

One objection to  the ion g a t e  used in the second mode was  its 

excessive attenuation of the source  ion beam. 

therefore  devised which would admit  ion bunches into the puls - 
ing region without attenuating the ion b e a m  unduly. 

A new ion gate was  

This gate is 
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shown in F igure  13. The plates A and B a e both bent in o d e r  

to obtain a curved field on the exit side of the gate.  

experimentally that the source ion beam was diminished by a 

f ac to r  approximately equal to the duty cycle of the gate pulse 

generator ;  fu r the r  decreasing the pulse voltage decreased  the 

ion energy distribution without attenuating the ion c u r r e n t  s ig-  

nif i c  an tly . 

It was found 

Initial experiments with the decelerating mode of operation 

yielded data comparable to the resul ts  obtained f r o m  the first 

accelerat ing mode of operation. 

the resolution, although low, increased  with the pulse height of 

the decelerating pulse in  the range f r o m  50-100 volts and initial 

ion energies  of c i r .  40 eV. 

to  the delay-time between the gate pulse and the decelerating 

pulse.  The l a t t e r  observation indicates that  the length of the 

decelerating region was somewhat small f o r  the pulse voltages 

available f o r  decelerating the ions.  

is being constructed that wi l l  deliver 200 volt pu lses .  

Two facts  were  noted, however, 

The resolution was very  sensit ive 

Current ly ,  a pulse amplifier 

111. CONCLUSION 

Summary  

The analyses  of the three modes of operation have shown that 

the constant momentum mass  analyzer  can ope rate  successfully 

provided some ion energy focusing method is added to the analyzer .  
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Since the m a s s  analyzer can be made very  compactp it can be 

used a t  high p res su res .  Indeed, the second accelerating mode 

of operation has been t r ied a t  p re s su res  around 10 T o r r ,  and 

i t  was found that its performance did not de te r iora te .  The p r e -  

dicted high sensitivity of the of the m a s s  analyzer has a l so  been 

realized experimentally. 

-4 

Bracher  obtained a sensit ivity of 

0.1 a m p / T o r r  for  neutral  atoms ’ 
obtainable in a i rborne equipment a resolution of 20  was obtained, 

supporting the c la im that a successful  ion and neutrals analysis 

p rogram of the lower E region can be ca r r i ed  out. 

With operating voltages easi ly  
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